The microphthalmia-associated transcription factor (Mitf) is a basic-helix-loop-helix-leucine zipper (bHLH-ZIP) transcription factor essential for the development and function of all melanin-producing pigment cells in vertebrates. To elucidate the evolutionary history of Mitf and the antiquity of its association with pigment cells, we have isolated and characterized HrMitf, a sole member of the Mitf-TFE bHLH-ZIP subfamily in the ascidian Halocynthia roretzi. Maternal HrMitf mRNA is detected in the fertilized egg and in the animal hemisphere from 4-cell stage through the gastrula stage. From the neurula through the early tailbud stage, HrMitf is preferentially expressed in the pigment-lineage cells that express the lineage-specific melanogenesis genes tyrosinase (HrTyr) and Tyrp. Overexpression of HrMitf induced ectopic expression of HrTyr enzyme activity in mesenchymal cells where the same enzyme activity was induced by overexpression of HrPax3/7, suggesting that a part(s) of the Pax3 -Mitf -tyrosinase gene regulatory cascade seen in vertebrate melanocytes is operative during ascidian embryogenesis. We also show HrMitf and mouse Mitf-A, a Mitf isoform abundantly expressed in pigmented epithelial cells, share similar functional characteristics. These results suggest antiquity of the association of the Mitf-TFE subfamily with pigment cells and may support the idea that acquisition of multiple promoters (isoforms) by an ancestral Mitf gene has allowed the evolution of multiple pigment cell types. q
Introduction
Melanocytes and retinal pigmented epithelial (RPE) cells, the two major melanin-producing pigment cells of vertebrates, differentiate from the neural crest and the optic cup, respectively. The development and melanization of these cells depend critically on the gene encoding the microphthalmia-associated transcription factor (Mitf) that constitutes the Mitf-TFE subfamily of basic-helix-loophelix-leucine-zipper (bHLH-ZIP) transcription factors together with three other members, TFE3, TFEC and TFEB (Hodgkinson et al., 1993; Hemesath et al., 1994; Rehli et al., 1999a) . Mice homozygous for a null Mitf allele ) show complete white coat and inner ear deafness, both of which result from the absence of melanocytes, and microphthalmia due to the abnormal unpigmented RPE (Hodgkinson et al., 1993; Opdecamp et al., 1997; Nakayama et al., 1998) . Misexpression of Mitf can induce ectopic pigment cells or pigment cell-like phenotype in nonpigment cell types under certain circumstances (Tachibana et al., 1996; Lister et al., 1999) , indicating that Mitf can act as a melanogenic factor similar to myogenic and neurogenic bHLH factors such as MyoDi and NeuroD (Lee et al., 1995) .
Human MITF is the best characterized member in the Mitf-TFE subfamily genes in terms of the structure and differential expression of multiple isoform proteins. The gene is transcribed from at least five different promoters, each of which lies next to one of five different 5 0 most exons, resulting in the production of multiple isoform proteins with distinct N-termini, melanocyte-specific MITF-M, RPEenriched MITF-A, heart-type MITF-H, and newly identified MITF-B and MITF-C Tassabehji et al., 1994; Amae et al., 1998; Fuse et al., 1999; Udono et al., 2000) . MITF-M, MITF-A and MITF-H were shown to activate the expression of the tyrosinase family genes encoding melanogenesis enzymes, tyrosinase, Tyrpl and Dct, by binding to conserved E-box (CANNTG) motifs in the promoters both in melanocytes and in RPE cells Udono et al., 2000) . Expression pattern analyses of various MITF/Mitf isoforms and characterization of a Mitf-M-deficient mouse mutation (Mitf mi-bw ) demonstrated that Mitf-M plays an essential role in melanocyte development but is not required for the correct formation of the RPE (Amae et al., 1998; Yajima et al., 1999) . In neural-crest-derived cells, Mitf-M expression, which is controlled directly by Pax3, Sox10, Lef1 and Creb1 (Watanabe et al., 1998; Dorsky et al., 1999; Goding, 2000; Takeda et al., 2000b; Shibahara et al., 2001) , is thought to promote pre-migratory crest cells to choose melanocyte fate, and subsequently it is needed to upregulate the expression of Kit, a tyrosine kinase receptor essential for melanoblast survival (Opdecamp et al., 1997; Nakayama et al., 1998) . In addition, Mitf is required for RPE differentiation and for maintaining RPE identity (Mochii et al., 1998a,b; Nakayama et al., 1998) , suggesting that Mitf-A and Mitf-H, the two predominant Mitf isoforms expressed in the RPE lineage of mammals, direct the RPE differentiation program (Amae et al., 1998; Yajima et al., 1999; Nguyen and Arnheiter, 2000; Udono et al., 2000) .
Melanin production is an ancient biological process found in all living kingdoms, and is shared by pigment cells associated with Pax6-dependent photoreceptive organs in several invertebrates (Glardon et al., 1997 (Glardon et al., , 1998 Callaerts et al., 1999) . This raises the interesting question of whether the association of Mitf with melanin production and/or pigment cell development is specific to vertebrates. Recently, a Caenorhabditis elegans (C. elegans) gene related to the Mitf/TFE family, W02C12.3 or C.e.TFE, was identified (Wilson et al., 1994; Rehli et al., 1999a) . However, it has been difficult to relate W02C12.3 with melanin production or pigment cell development because C. elegans lacks any obvious melanin-producing pigment cells or Pax6-dependent photoreceptive organs (Svendsen and McGhee, 1995; Gehring and Ikeo, 1999) . In this study, we focused on ascidians, one of the most primitive group of chordates as the first step to elucidate the evolutionary history of Mitf: (1) the antiquity of its association with melanin production and pigment cell development and (2) the relationship between acquisition of multiple promoters (or isoform multiplication) and the evolution of multiple pigment cell types in the vertebrate lineage.
The tadpole larvae of ascidians usually possess two melanin-containing pigment cells, the otolith, which is the anterior type of pigment cell, and ocellus, which is the posterior type, in the sensory vesicle where homologues of Pax6 and Otx are expressed (Wada et al., 1996a,b; Glardon et al., 1997) . The pigment cell precursors positioned bilaterally in the neural fold start expressing lineage-specific melanogenesis genes (ascidian tyrosinase family genes: HrTyr and HrTyrp) even before the completion of neurulation (Nishida and Satoh, 1989; Sato et al., 1997a Sato et al., , 1999 . While the two pigment cells are thought to be evolutionarily homologous to vertebrate RPE cells (Glardon et al., 1997; Wada et al., 1998; Sato et al., 1999) , a cell population corresponding to vertebrate melanocytes is absent in vertebrates. Thus, in addition to the fact that ascidians have one-quarter as many genes as mammals (Simmen et al., 1998) , they may provide a unique opportunity to study the relationship between the evolution of Mitf and evolution/diversification of melanin-producing pigment cells.
Here we show that the ascidian Halocynthia roretzi (H. roretzi) retains a gene homologous to vertebrate Mitf (HrMitf) and the gene is preferentially expressed in the pigment cell-lineage blastomeres from the neurula stage through the early tailbud stage, which coincide with the upregulation of the expression of melanogenesis genes HrTyr and HrTyrp. Overexpression of HrMitf induced ectopic expression of HrTyr enzyme activity in mesenchymal cells located in the trunk where the same enzyme activity was induced by overexpression of HrPax3/7. We also show that HrMitf and mouse Mitf-A share similar functional characteristics. These results suggest an ancient association of the Mitf-TFE subfamily with pigment cells and further the gene regulatory network that can link Pax, Mitf and melanogenesis genes is operative in ascidians.
Results

Isolation of an ascidian homologue of Mitf
In an attempt to isolate an ascidian homologue of vertebrate Mitf, we used DNA fragments corresponding to the bHLH-ZIP domain of human and mouse Mitfs to probe a mid-tailbud stage cDNA library of H. roretzi under lowstringency conditions. Two positive cDNA clones were isolated which after sequencing were revealed to be derived from the same gene. The longer clone comprised 2836 bp and included a long open reading frame of 1506 bp encoding 502 amino acids with a putative translation initiation codon at position 67 preceded by an in-frame stop codon in the 5 0 untranslated region. The termination codon at position 1573 is followed by a long 3 0 untranslated region. The complete nucleotide and deduced amino acid sequences are shown in Fig. 1. 
The unique phylogenetic position of HrMitf
The deduced amino acid sequence of the 2836 bp cDNA clone contained a region that showed clear sequence homology with the bHLH-ZIP domain of the Mitf-TFE subfamily of transcription factors (summarized later in Fig. 4) . The bHLH-ZIP domain encoded by the 2836 bp cDNA clone shows 64, 63, 60 and 58% amino acid sequence identity to the corresponding domains of human TFEC, MiTF, TFE3 and TFEB, respectively. To infer evolutionary relationships between the ascidian homologue of the Mitf-TFE subfamily proteins that we tentatively termed HrMitf and known members of the subfamily including zebrafish Mitf/nacre (Lister et al., 1999) , C. elegans W02C12.3 (Wilson et al., 1994) , yeast Rtg3p (Atchley and Fitch, 1997; Jia et al., 1997) and other bHLH-ZIP factors such as USF2, molecular phylogenetic trees were constructed using the entire amino acid sequences. A representative phylogenetic tree obtained by the neighbor-joining method clearly suggests that HrMitf belongs to the Mitf-TFE subfamily (Fig. 2) . The tree also suggests that HrMitf is a descendent from the precursor of Mitf, TFE3, TFEC and TFEB. Phylogenetic trees obtained using the bHLH-ZIP domains gave essentially the same result (data not shown). In support of above notion, our attempts to isolate other related sequences by screening under low-stringency conditions or by PCR using several degenerate primers were unsuccessful. In addition, the hybridization pattern obtained by genomic Southern blot with a DNA probe corresponding to exons 6 -10 of HrMitf was consistent with the chromosomal organization of the gene (Fig. 3A) and did not change even under the low-stringency condition (Fig. 3B) . Taken together, these results seem to reflect a single copy state of HrMitf in the H. roretzi genome, and suggest that all the vertebrate Mitf-TFE subfamily genes have been evolved by gene duplications after divergence from the ascidian lineage and that HrMitf is a direct descendent of the precursor gene. To obtain a collateral evidence, homologous sequences of Ciona intestinalis (C. intestinalis), another solitary ascidian species, were surveyed using cDNA/EST {Satou et al., 2003, Ghost database (http://ghost.zool.kyoto-u.ac.jp/ bunshi/frindex.htm)} and genome (http://genome.jgi-psf. org/ciona4/ciona4.home.html) databases (Dehal et al., 2002) . Several 5 0 and 3 0 EST sequences were found to share high homology with HrMitf and all of them are connectable to encode only one protein corresponding the full length of HrMitf. We here tentatively call this connected sequence putative CiMitf. Besides this CiMitf, none of other Mitf-TFE subfamily genes are hitherto found in the Ghost Database. Furthermore, we could find only one copy of the genomic CiMitf sequence (Scaffold 39 (402, 610 bp) , the region between nucleotide positions 106,111 -122,113 in the C. intestinalis v1.0 genome database mentioned above).
Structura1 characteristics of HrMitf protein
Comparison of the amino acid sequence of HrMitf with those of other representative members of the Mitf-TFE subfamily revealed the following structural characteristics common to all family members as well as those unique to HrMitf (summarized in Fig. 4) .
Basic HLH-ZIP domain. All vertebrate Mitf-TFE subfamily proteins retain a perfectly conserved 13 amino acidbasic domain while HrMitf has two amino acid substitutions in the region. However, amino acid residues that are predicted to make direct base or phosphodiester backbone contacts (Ferre-D'Amare et al., 1993 Brownlie et al., 1997) are conserved in the HrMitf basic domain. The high degree of conservation in the basic domain strongly suggests that all Mitf-TFE proteins are able to target a very similar subset of E-box motifs.
As has been described for W02C12.3 (Rehli et al., 1999a) , the predicted leucine zipper domain of HrMitf does not posses four heptad repeats of leucines seen in all vertebrate Mitf-TFE proteins. The HrMitf zipper domain contains leucines at positions 3 and 4, but serine and methionine at positions 1 and 2, respectively. However, this does not necessarily mean that the atypical ripper zipper domain of HrMitf is non-functional. The leucine zipper domain of bHLH-ZIP proteins forms a continuous a-helical extension of helix 2 of the HLH domain and provides only a part of the dimerization interface. There are many bHLH-ZIP proteins without a perfect zipper of four leucines; for example, Max, Mad and members of the Myc family (L-Myc and N-Myc) retain three leucines in the zipper domain (Ferre-D'Amare et al., 1993) . Numerous mutations in mouse Mitf and human MITF that cause pathological effects have been identified, and seven such mutations change specific amino acids in the bHLH-ZIP domain (six amino acid substitutions and del(R217); Hodgkinson et al., 1993; Tassabehji et al., 1995; Steingrimsson et al., 1994) . Remarkably, six out of the seven positions are conserved in HrMitf. In addition, although a position corresponding to S250 is not conserved in helix 2 of the HrMitf HLH region, it is occupied by a similar hydrophilic amino acid threonine. The mutation S250P was found in a family with Waardenburg syndrome type 2 (Tassabehji et al., 1995) .
Activation domains. The activation domain of mouse Mitf has been characterized; the major activating capacity is attributed to a short 18 amino acid region that is predicted to form an amphipathic a-helical segment and was shown to interact with the p300/CBP family of transcription coactivators (Sato et al., 1997b) . The N-terminal activation domain (Fig. 4, AD1) is highly conserved in all other members of the family. In addition to the major activation domain, a second activation domain located C-terminal to the bHLH-ZIP domain has been described for mammalian Mitf and TFE3 (Artandi et al., 1995; Sato et al., 1997b; Takeda et al., 2000a) . In the case of mammalian Mitf, a threonine-rich sequence conserved in all vertebrate Mitfs is thought to be responsible for the activation capacity (Takeda et al., 2000a) . Interestingly, while the threoninerich sequence is specific to vertebrate Mitfs, all Mitf-TFE proteins including TFE3 contain a highly conserved sequence ( Fig. 4, ad2 ; LEELLMEDD in HrMitf), which strongly resembles the major activation domain (AD1) located towards the N-terminus and potentially adopts an amphipathic a-helical conformation (Sato et al., 1997b) . Phosphorylation sites. The ability of mammalian Mitf to function is regulated by phosphorylation by MAP kinase on S73 (Hemesath et al., 1998) , by Glycogen synthase kinase 3b (GSK3b) on S298 (Takeda et al., 2000a) and by p90 Rsk1 on S409 (Wu et al., 2000) . As shown in Fig. 4 , a potential MAP kinase phosphorylation site, PNSP, is present within the N-terminal region of HrMitf at a similar distance from the conserved N-terminal activation domain but not in TFEC, which is inefficient in activating the tyrosinase promoter and W02C12.3 with unknown activation capacity. Neither the GSK3b site (SXXXS) nor Rsk1 site (RRXS or RRXT) is found at the conserved positions in HrMitf.
Developmental expression of HrMitf
Expression of HrMitf during embryogenesis was analyzed by Northern blot analysis using a HrMitf cDNA probe. A single major hybridization band of about 2.8 kb was detected ( Fig. 5) , indicating that the 2836 bp cDNA clone contains nearly the full-length cDNA. HrMitf transcripts were detected in RNA prepared from unfertilized eggs (Fig. 5, lane 1) . Because the onset of zygotic transcription is thought to occur at much later stages in H. roretzi embryos, HrMitf is most likely transcribed maternally and accumulated in unfertilized eggs. HrMitf transcripts were detected throughout embryogenesis except the late tailbud stage (Fig. 5 , lanes 2 -6), and were also detectable during the larval stage (Fig. 5, lane 7) .
Mammalian Mitf genes are known to produce multiple isoform proteins with different N-termini. To determine whether HrMitf is capable of producing multiple isoform proteins, we carried out extensive PCR analyses using RNAs prepared from embryos of various developmental stages. However, as anticipated from the result of Northern blot, HrMitf transcripts with different 5 0 ends were never identified. The apparent heterogeneity in mobility of HrMitf mRNA shown in Fig. 5 was reproducible, but this phenomenon did not reflect either the different isoforms nor different length of a single species of mRNA transcribed because even ribosomal RNA in the same total RNA sample containing HrMitf showed the similar phenomena.
We employed in situ hybridization on whole-mount specimens to determine the spatial expression pattern of HrMitf. In the unfertilized egg, HrMitf transcripts were distributed evenly in the cytoplasm (Fig. 6A ). At the 4-cell stage, the hybridization signals were restricted to the animal cytoplasm in all blastomeres (Fig. 6B ). At the 8-cell stage cytoplasmic staining in all of the four animal blastomeres was observed in a pair of anterior-animal blastomeres, the left and right a4.2 cells (Fig. 6C) . At the 16-cell stage, Amino acid sequences of HrMitf, Mitf from human (HsMITF-A, B, C, H and M), chicken (GgMitf-RPE, an isoform preferentially expressed in RPE) and zebrafish (DrMitf), TFE3, TFEC and USF2 from human, TFEB from mouse, W02C12.3 from C. elegans and Rtg3p, a Mitf-TFEhomblogue of Saccharomyces cerevisiae, were used. The multiple alignment was generated by the CLUSTAL W program (version 1.7) and phylogenetic trees were constructed by the neighbor-joining method. Branch lengths are drawn to scale indicated in units of distance as calculated in the distance matrix Numbers at the nodes are the numbers of bootstrapping trials ðn ¼ 1000Þ in which an identical branching pattern was produced. GenBank accession numbers of sequences used for the analysis are as follows: MITF-A, AB006909; MITF-B, AB032359; MITF-C, AB006988; MITF-H, AB006989; MITF-M, NM_000248; chicken Mitf-RPE, D88363; zebrafish Mitf, AF119220; TFE3, X96717; TFEC, D43945; TFEB, AF079095; USF2, Y07661; W02C12.3, U80815; Rtg3p, U46012. Putative CiMitf is deduced from a connected sequence of C. intestinalis partial cDNA fragments. See text for details.
the hybridization signals were detected in the a4.2-derived a5.4 cells, located at the anterior end, as well as six other animal blastomeres ( Fig. 6D -F ). During gastrulation, the signals persisted in most of the animal blastomeres ( Fig. 6G,H) , from which tissues such as epidermis, brain and pigment cells develop. At the mid-neurula stage, the signals were detected in the presumptive neural tube and surrounding cells which will give rise to the dorsal epidermis (Fig. 6I ). We noticed that there were two cells with intense staining in the neural fold (Fig. 6I) . Furthermore, the signals were detected in their nuclei, indicating that the zygotic expression of HrMitf starts at this developmental stage. In ascidians, zygotic gene expression is usually first detected in the nuclei when in situ hybridization method is applied to whole embryos (Yasuo and Satoh, 1993; Makabe et al., 1990; Kobayashi et al., 1999) . These cells were the pigment cell precursor a9.49 cells that express the lineage-specific markers HrTyr (Sato et al., 1997a) and HrTyrp at this stage (Fig. 7) . At the early tailbud stage, the HrMitf hybridization signals were evident in four HrTyrpexpressing cells derived from a9.49 cells in the dorsal midline of the closing neural tube but barely detectable in other cells (Figs. 6J,7B ). From the neurula through early tailbud stage, the a9.49, a10.97 and a10.98 cells are negative for HrPax3/7 expression (Fig. 7C,D) . Late tailbud embryos were negative for any obvious HrMitf hybridization signals (data not shown) as anticipated from the result of Northern blot analysis (Fig. 5) . In our hands, it was difficult to obtain clear hybridization signals beyond this developmental stage although the Northern blot analysis showed that HrMitf expression resumes during the larval stage.
Taken together, the results demonstrated the presence of complex regulatory mechanisms that specify not only the expression but also the distribution of HrMitf mRNA. Particularly intriguing was that the distribution of maternally expressed HrMitf mRNA demarcates the animal hemisphere of early embryos. Furthermore, at the midneurula and early tailbud stages, HrMitf is expressed preferentially in the pigment-lineage a9.49 and a10.97 cells that express lineage-specific tyrosinase family genes. Although all the HrMitf transcripts are not necessarily translated into functional proteins, the characteristic distribution pattern may imply that HrMitf plays important roles during embryogenesis. Various structural/functional domains (domain B1b, bHLH-ZIP, AD1, ad2 and threonine-rich region) and putative phosphorylation sites (MAPK, GSK3b and RSK1) are shown. In the basic domain, amino acid residues that are predicted to make base (B) or phosphodiester backbone (P) contacts are indicated above the alignment. Amino acid residues whose mutations can cause pathological effects in humans and mice (seven such sites are found in the bHLH-ZIf domain and S298 is located in the GSK3b phosphorylation site), are shown in red and the corresponding residues of other subfamily proteins are also in the same color. Gaps introduced to maximize sequence homology are represented by dashes. Asterisks indicate identical amino acids. GenBank accession numbers of aligned sequences are as follows: MITF-A, AB006909; MITF-B, AB032359; MITF-C, AB006988; MITF-H, AB006989; MITF-M, NM_000248; chicken Mitf-RPE, D88363; zebrafish Miff, AF119220; TFE3, X96717; TFEC, D43945; TFEB, AF079095; W02C12.3, U80815. Putative CiMitf is deduced from a connected sequence of C. intestinalis partial eDNA fragments. See text for details.
Overexpression of HrMitf mRNA induced ectopic HrTyr expression
To infer potential in vivo functions of HrMitf, synthetic capped HrMitf mRNA was prepared and injected into H. roretzi fertilized eggs to examine the effect of overexpression of the gene. Most embryos injected with HrMitf mRNA did not seem to change morphologically through all developmental stages compared with uninjected control embryos; gastrulation, neurulation and the formation of tailbud embryos with two pigment cells took place normally (Fig. 8B , at the mid-tailbud stage).
The expression of HrMitf in the pigment-lineage blastomeres and its moderate upregulation at around the onset of HrTyr expression in the same lineage (Sato et al., . Northern blot analysis of HrMitf expression. The RNA blot (12 mg of total RNA/lane) was hybridized with a digoxigenin-labeled antisense RNA probe. In the lower panel, total RNA was separated on an agarose gel and stained with ethidium bromide to indicate that the apparent heterogeneity of HrMitf mRNA length does not reflect the real difference in mRNA length. Somehow the method we used for total RNA preparation brought this heterogeneity on the gel. Numbers at the top of the lanes refer to the following developing stages: 1, unfertilized egg; 2, 64-cell; 3, midgastrula; 4, mid-neurula; 5, mid-tailbud; 6, late tailbud; 7, tadpole larva. Transcripts of about 2.8 kb are present in unfertilized eggs, developing embryos except those at the late tailbud stage, and tadpole larva. 1997a, 1999) may imply the association of HrMitf with the development or specific functions of pigment cells in ascidians. In mammals, Mitf, one of the homologues of HrMitf, was shown to directly activate pigment cell-specific expression of the tyrosinase family genes (tyrosinase, Tyrp1 and Dct) by binding to the conserved E-box motifs in the promoters (see Section 1). To assess the effect of overexpressed HrMitf on HrTyr expression, we carried out DOPA reaction on fixed whole-mount specimens injected with HrMitf mRNA to detect tyrosinase enzyme activity at mid-tailbud stage embryos. In uninjected control embryos, HrTyr enzyme activity is detected specifically in four daughter cells derived from the left and right a9.49 cells (Fig. 8A) . When HrMitf mRNA was injected, HrTyr activity was detected in a patch of mesenchymal cells at both left and right sides of the trunk (30/35 injected embryos) in addition to four pigment-lineage cells in the dorsal neural tube (Fig. 8B) . These mesenchymal cells, derived from B7.7 and/or B8.5 blastomeres, are thought to give rise to tunic cells of juveniles after metamorphosis (Hirano and Nishida, 1997) . The ectopic appearance of HrTyr activity in those cells was transient, and did not result in the formation of any ectopic pigment cells. Furthermore, in HrMitf-injected embryos, there was no obvious change in the timing or the intensity of HrTyr activity expressed in the authentic pigment-lineage cells.
Ectopic HrTyr activity was also induced in mesenchymal cells of the trunk (27/28 injected embryos) by overexpression of HrPax3/7, an ascidian homologue of Pax3 (Fig. 8C) . The result is consistent with a previous report that described an induction of ectopic HrTyr transcripts by overexpressed HrPax3/7 (Wada et al., 1997) . At each side of the trunk, the area positive for ectopic HrTyr activity was always broader than a patch of cells induced to express the same enzyme activity by HrMitf overexpression (Fig. 8B,C) . It is noteworthy that although HrPax3/7 are able to induce ectopic expression of HrTyr mRNA and protein, cells expressing HrPax3/7 do not overlap with those expressing HrTyr during normal development except a8.25 cell pairs at the gastrula stage (Wada et al., 1996a (Wada et al., ,b, 1997 , which contrasts with overlapping expression of HrMitf and HrTyr after HrTyr starts to express in the a9.49 cell pair. In addition, overexpression of HrPax3/7 was shown to cause a partial or complete loss of fully differentiated pigment cells at high frequency (Wada et al., 1997) . We tried additional experiments to detect expression of HrMitf and Pax3/7 by in situ hybridization after injecting Pax3/7 and HrMitf, respectively. However, we could not detect any enhancement of expression of each gene (data not shown).
Functional conservation between HrMitf and vertebrate homologues
In the next experiment, we asked whether vertebrate homologues of HrMitf are able to exert similar effects when they are overexpressed in ascidian embryos. If ectopic HrTyr activity was induced by overexpressing members of the vertebrate Mitf-TFE subfamily, it would suggest that there is a certain degree of functional conservation between ascidian and vertebrate homologues. Three different mouse major Mitf isoforms, RPE-enriched Mitf-A, heart-type Mitf-H and melanocyte-specific Mitf-M, each of which possesses a unique N-terminal sequence but retains the same major N-terminal activation domain, bHLH-ZIP domain and C-terminal tail ( Fig. 4 ; Amae et al., 1998; Yajima et al., 1999) , were used. We injected synthetic capped mRNAs for these mouse Mitfs into fertilized H. roretzi eggs and examined the expression of ectopic HrTyr activity by whole-mount DOPA reaction at the mid-tailbud stage. Remarkably, injection of Mitf-A mRNA resulted in an ectopic induction of HrTyr activity exactly in the same region where the enzyme activity is induced by overexpression of HrMitf (Fig. 8B,D) . Such effect was specific to Mitf-A and was not reproduced by the overexpression of Mitf-H or Mitf-M (data not shown). Since we did not monitor the stability of injected mRNAs or translated proteins in ascidian embryos, it is unclear why only Mitf-A could induce ectopic HrTyr. Nevertheless, the results revealed that HrMitf and vertebrate Mitf can activate HrTyr expression in developing ascidian embryos.
Above results prompted us to examine whether HrMitf can activate mammalian tyrosinase promoters whose activity is depend on three E-box motifs (e.g. Goding, 2000) . It has been shown that mammalian Mitf and TFE3 can efficiently activate the tyrosinase promoter via the E-box motifs while TFEC retains only a residual activation capacity on that promoter . TFEB is incapable of activating the tyrosinase promoter in melanoma cells (Verastegui et al., 2000) . Plasmid expressing HrMitf was transiently transfected into a mouse melanocyte cell line, melan-c, with a reporter comprising a 270 bp of the mouse tyrosinase promoter, which contains two aforementioned E-box motifs, fused to luciferase (Yasumoto et al., 1995) . HrMitf activated the reporter gene expression as efficiently as the control mouse and human Mitf isoforms (about 4-fold).
Discussion
Molecular evolution of the Mitf-TFE subfamily
In this paper we have described isolation of a member of the Mitf-TFE subfamily from the ascidian H. roretzi. Molecular phylogenetic, hybridization and PCR analyses are consistent with the idea that not only the ascidian homologue which we termed HrMitf is present as a single copy gene but also other non-related sequence was detected in the H. roretzi genome. Homology search of a cDNA/EST database (Ghost Database) of C. intestinalis, another solitary ascidian species, detected several cDNA fragments sharing high homology with HrMitf. These fragments allowed us to construct a single cDNA sequence that could encode a putative C. intestinalis Mitf (CiMitf). No other homologous sequence has been hitherto found in the cDNA database. Furthermore, there is only one genomic copy for CiMitf found in a C. intestinalis genomic database (Dehal et al., 2002) . These results suggest that ascidians may have only one copy for Mitf-TFE subfamily. High homology between HrMitf and CiMitf (Figs. 2,4 ; 60% amino acid identity in the bHLH-ZIP domain), also suggests their functional conservation.
Recent identification of a C. elegans Mitf-TFE subfamily gene W02C12.03 and the related yeast transcription factor Rtg3p revealed that the origin of the Mitf-TFE subfamily is quite ancient (Atchley and Fitch, 1997; Rehli et al., 1999a) . However, the timing of gene duplication events responsible for the diversification of the subfamily in vertebrates has been unknown. Our results suggest that four mammalian subfamily genes, Mitf, TFE3, TFEB and TFEC, were derived from a single precursor gene after the vertebrateurochordate divergence while HrMitf, the first Mitf-TFE subfamily member isolated from non-vertebrate deuterostomes, is a direct descendent of the precursor gene. This hypothesis agrees with the model that two rounds of genome duplications have occurred in the vertebrate lineage after the divergence with urochordates (e.g. Holland et al., 1994) . However, because it is unknown whether or not any gene loss has been involved in shaping the vertebrate Mitf-TFE subfamily, isolation of additional members from amphioxus and cyclostomes will be required to understand the timing and the nature of gene duplications which gave rise to four mammalian paralogs.
All vertebrate Mitf-TFE proteins share a perfect zipper domain of four leucines while HrMitf and W02C12.3 retain only two conserved leucines and CiMitf retains three. As discussed by Rehli et al. (1999a) , there are two possible explanations for the evolution of the zipper domain in Mitf-TFE subfamily. First, a single ancestor of all Mitf-TFE proteins already had a perfect zipper domain and the atypical zipper domains of the two non-vertebrate proteins diverged from the ancestor during evolution. Alternatively, a single ancestor of all Mitf-TFE proteins may have had a sequence that supported dimerization to some extent without containing a perfect leucine zipper adjacent to the bHLH domain, and additional leucines were acquired independently in different lineages. The difference in the number of leucines within the Myc family for example can be explained by the loss of conserved leucines from L-Myc and N-Myc. In the case of the Mitf-TFE subfamily, the fact that only the leucine at position 4 is conserved between HrMitf, CiMitf and W02C12.3 and a sequence similar to the fourth leucine plus flanking nucleotides is also found in yeast Rtg3p seems to favor the second model. Indeed, the simple structure of the zipper domain appears to have allowed a frequent acquisition of the motif not only in bHLH proteins but also in other types of transcription factors (Brendel and Karlin, 1989; Atchley and Fitch, 1997) . As for the origin of a perfect zipper common to all vertebrate Mitf-TFE proteins, available data suggest that it has arisen in a single precursor gene, which has given rise to all vertebrate Mitf-TFE.
In addition to the highly conserved basic domain, sequences similar to the major N-terminal activation domain and a phosphorylation site targeted by the MAP kinase ERK2 identified in mammalian Mitf are present in HrMitf at conserved positions. Also, there are several potential GSK3b sites in the C-terminal tail of HrMitf although the positions of these sites are different from those characterized in mammalian Mitf. The conservation of these sequences would suggest that HrMitf can bind to a very similar subset of E-box motifs and activate the expression of genes under the control of the motifs by recruiting conserved transcription co-activators and that some of the signaling pathways operating to regulate Mitf function in mammals may also be conserved in ascidians. In support of this notion, overexpressed HrMitf and mouse Mitf-A produced the same effect both in ascidian embryos (activation of ectopic HrTyr expression) and in cultured mouse melanocytes (activation of the mouse tyrosinase promoter about 4-fold). Although it was shown that HrMitf and mouse Mitf-A share similar functional characteristics, this does not necessarily mean that HrMitf most resembles mouse Mitf-A, because recent findings indicate that; in a cultured human RPE cell line and mouse embryonic and adult eyes, the Mitf isoform abundantly expressed in those cells is Mitf-D (Takeda et al., 2002) . In chicken embryos, a Mitf isoform named cmi9 is strongly expressed in RPE. Another chicken Mitf isoform, seemed to be Mitf-A isoform, was cloned from the chicken embryonic heart. Genomic structure of cmi9 remains to be elucidated. It should be interesting to know whether vertebrate Mitf-D and chicken cmi9 activate HrTyr activity. Finally, we noticed that all Mitf-TFE proteins contain a highly conserved sequence similar to the major N-terminal activation domain at the C-terminal ends. Although there is still no direct evidence directly supporting a potential role for this motif (Sato et al., 1997b; Takeda et al., 2000a) , it might interact with the p300/CBP family or related transcription co-activators and constitute an activation domain that acts perhaps only under certain circumstances (Goding, 2000) independently or in conjunction with a flanking threonine-rich region.
Unique and conserved expression pattern of HrMitf
Northern blot and in situ hybridization revealed a unique expression profile of HrMitf. In unfertilized eggs, HrMitf transcripts are already present in quantities without any characteristic localization. After fertilization, however, the maternal HrMitf transcripts are accumulated in the animal cytoplasm and then in the animal blastomeres of the early embryos up to the gastrula stage. The fact that HrMitf transcripts appears in all the animal blastomeres at the gastrula stage clearly shows that HrMitf is expressed early on during embryogenesis and that HrMitf can be used as the earliest molecular marker specific to the animal blastomeres.
Another characteristic of HrMitf expression pattern is its association with the pigment cell-lineage blastomeres; all pigment-lineage blastomeres, a4.2, a5.4, a6.7, a7.13, a8.25, a9.49 and a10.97 cell pairs, are positive for HrMitf expression. Importantly, at the early neurula and early tailbud stages, HrMitf is expressed almost exclusively in the a9.49 and al0.97 cells, which express the lineage-specific tyrosinase family genes. In vertebrates, Mitf is preferentially expressed in two different pigment cell-lineages, the optic cup derived RPE and neural-crest-derived melanocytes. None of other Mitf-TFE subfamily members show appreciable expression in the neural crest and neuroepithelium (Nakayama et al., 1998; Steingrimsson et al., 1998; Rehli et al., 1999b) . Thus, HrMitf expression during late developmental stages seems to be related to vertebrate Mitf but not to the other three vertebrate Mitf-TFE subfamily members. Moreover, expression of HrMitf in the pigment cell precursors that originate within the anterior neural tube is consistent with the notion that two ascidian pigment cells are homologous to vertebrate RPE (Glardon et al., 1997; Wada et al., 1998; Sato et al., 1999) and may reflect the presence of a conserved gene regulatory network utilized both in ascidian pigment cells and in vertebrate RPE.
The role of HrMitf in ascidian embryogenesis
Tyrosinase is one of the key enzymes essential for melanogenesis. We have shown that HrMitf is preferentially expressed in the pigment-lineage cells at the time when upregulation of HrTyr (ascidian tyrosinase) occurs in those cells (Sato et al., 1997a) . Because expression of mammalian tyrosinase genes critically depend on three Mitf-binding E-box motifs in the promoters, the question arises as to whether HrMitf directly activates HrTyr promoter as mammalian counterparts do. Functional analyses of the 5 0 flanking sequence up to 1.8 kb of HrTyr revealed the presence of an essential positive element lying close to position 2 111 bp, a positive element(s) at . 1.65 kb upstream, and an additional regulatory sequence between positions 2 170 and 2 250, which may act to restrict expression to the correct lineage (Toyoda et al., 2001) . Surprisingly, there were no E-boxes in the 111-bp minimal promoter or in other regions with regulatory activities. As such, it is unlikely that HrMitf is an essential transcription factor directing HrTyr expression during normal development. However, our study also revealed that overexpressed HrMitf as well as mouse Mitf-A can elicit ectopic HrTyr activity specifically within the mesenchymal cells in the trunk at the mid-tailbud stage. This finding may parallel previous observations that vertebrate Mitf (human MITF-M and zebrafish Mitf/nacre) can induce ectopic pigment cells or pigment cell-like phenotype in non-pigment cell types under certain circumstances (Tachibana et al., 1996; Lister et al., 1999) . The Mitf-TFE subfamily might be involved in the development or the function of melanin-producing pigment cells originating from the anterior neural tube not only in vertebrates but also in ascidians. At present, how HrMitf induces ectopic HrTyr expression is not clear, but there are two potential explanations. (1) HrMitf plays a part in the transcriptional regulation of HrTyr expression through E-boxes located in the far upstream region or within introns of HrTyr. (2) The effect of HrMitf on HrTyr expression is indirect and is mediated by other transcription factors that directly bind to the proximal promoter of HrTyr. To determine which of the two explanations outlined above accounts for the HrMitf function needs further investigation. Also, it remains an open question why ectopic HrTyr activity was induced in mesenchymal cells derived from the B7.7 and/or B8.5 cells but not in other parts of the embryo such as the anterior end of the neural tube where LacZ reporter constructs driven by HrTyr are sometimes ectopically expressed (Toyoda et al., 2001) .
In our study, HrMitf overexpression induced ectopic HrTyr expression, however, could not induce pigment cell formation. In the vertebrate, misexpression of Mitf can induce ectopic pigment cells or pigment cell-like phenotype in non-pigment cell types under certain circumstances (Tachibana et al., 1996; Lister et al., 1999) . Our data suggests that important factors except HrMitf are necessary for pigment cell formation in the ascidian. According to Nishida (2002) , at least three independent steps are required to specify those two pigment cells in the brain. The first two steps are inductive events from the anterior-vegetal blastomeres. The first one is the brain induction replasable by FGF, then around the 180-cell stage, among resultant brain lineage cells, left and right a8.25 cells are induced to be in the pigment cell-lineage by BMPb {HrBMPb, homologue of vertebrate BMP (Miya et al., 1997) } secreted from adjacent (laterally located) vegetal cells (left and right A8.15 and 16 blastomeres). After this 180-cell stage, two more asymmetric cell divisions of the a8.25 blastomere bring brain-and pigment-lineage cells. This process accords with his directed-signaling and asymmetric-division model (Nishida, 2002) . The third step is to specify the pigment cell type, otolith or ocellus pigment cell. At the middle tailbud stage, after neural tube closure at the cranial level, two postmitotic pigment cells line up adjacently at the dorsal midline. The anterior cell develops into the otolith and the posterior one becomes the ocellus pigment cell. At this stage, four tyrosinase-positive cells line up at the midline along the anteroposterior axis. The anterior two cells are derived from the posterior two pigment precursor cells. These four cells also express HrBMPb. Peculiarly interesting thing, the adjacent cell just posterior to the posterior pigment precursor cell express Chordin, antagonist of BMP. Darras and Nishida (2001) propose that this create a gradient of BMP signaling along anterior -posterior axis, and this gradient provide the positional information to specify each cell fate in the pigment cell-lineage. HrMitf overexpression may not be able to either create such local cell -cell interaction or recruit such molecular interactions ectopically in the developing H. roretzi embryo.
A potential gene regulatory network that links HrMitf, HrPax3/7 and HrTyr
We have shown that overexpression of HrPax3/7 is able to induce ectopic HrTyr expression in mesenchymal cells, in which the same enzyme activity was induced by HrMitf. During normal development, expression of HrPax3/7 in pigment-lineage cells is transient and is detectable only in the a8.25 cells at the gastrula stage before the onset of HrTyr expression, which occurs in one of the daughter cells (a9.49 cells) at the early neurula stage (Sato et al., 1997a Wada et al., 1997) . The difference in the expression profiles excludes the possibility that intrinsic HrPax3/7 directly activates the expression of HrTyr. As such, the effect of overexpressed HrPax3/7 on HrTyr expression may mean that HrPax3/7 mimics the role of as yet unidentified transcription factors, which directly bind to the HrTyr promoter. Factors expressed in the pigment-lineage include homologues of vertebrate Otx (Hroth) (Wada et al., 1996a, b) , Pax6 (PPax6) (Glardon et al., 1997) and Msx (Ci-Msxb) (Aniello et al., 1999) . An alternative hypothesis is that the effect of HrPax3/7 and HrMitf on HrTyr expression revealed the presence of a gene regulatory cascade or network that incorporates both HrPax3/7 and HrMitf as its components. Considering that HrPax3/7 and HrMitf are expressed in the a8.25 cells which are capable of giving rise to pigment cells even after dissociation into a single blastomere (Nishida and Satoh, 1989; Nishida, 1991) , it might be possible that such a regulatory network is operating in the a8.25 cells and is involved in the developmental decision to choose pigment cell fate. Lastly, although mentioned above its low possibility during normal development, it should be noted that overexpression of Pax3/7 might directly activate HrTyr because HrTyr has putative Pax3 binding sites in a defined promoter region (up to 2 152 bp from A of AUG for the first Met of HrTyr) that allow pigment cell expression of a reporter gene (Toyoda et al., 2000) . Intriguingly the same region of HrTyr promoter does not have any apparent Mitf binding site. In any case, it remains to be elucidated whether the injected HrPax3/7 and HrMitf mRNA is translated by, for example, monitoring the reporter gene activity that is driven by a promoter having appropriate cis-elements for these transcription factors and injected to fertilized eggs concomitantly with HrPax3/7 or HrMitf mRNA. Our additional experiments to detect expression of HrMitf and Pax3/7 by in situ hybridization after injecting Pax3/7 and HrMitf, respectively, suggests that they seem not to interact directly because we could not detect any enhancement of expression of each other gene in both experiments. Again, this might be because difficulty of detection of gene expression with in situ hybridization method at these later developmental stages. Furthermore, co-injection of both HrMitf and Pax3/7 constructs did not show additional enhancement of the tyrosinase gene expression assayed with enzyme activity.
In mammals, the similarity of the auditory -pigmentary phenotypes resulting from Pax3 and Mitf mutations lead to the identification of the gene regulatory cascade that links Pax3, Mitf-M and tyrosinase (Watanabe et al., 1998) . Pax3 directly activates Mitf-M expression by binding to the melanocyte-specific promoter flanking exon 1M of Mitf and Mitf-M in turn activates tyrosinase expression as described. However, because the Pax3 -Mitf -tyrosinase cascade seems operative only in the melanocyte-lineage that is unique to vertebrates and is unlikely to be shared in the RPE lineage, it is not clear whether the regulatory cascade is derived from the archetype established before the vertebrate -urochordate divergence and a similar cascade is utilized during ascidian embryogenesis. Nevertheless, our results suggest an antiquity of the association of the Mitf-TFE subfamily with pigment cells and further the gene regulatory cascades that can link Pax, Mitf and melanogenesis genes is operative in ascidians.
Experimental procedures
Ascidians
Adults of the ascidian, H. roretzi, were collected in the vicinity of the Marine Biological Station of Asamushi, Aomori, Japan. Naturally spawned eggs were fertilized artificially and raised at 13 8C throughout development, at which temperature embryos hatched 35 h after fertilization.
Isolation of HrMitf cDNA clones
A cDNA library was constructed in lgt10 from poly(A) þ RNA prepared from mid-tailbud stage embryos using TimeSaver cDNA synthesis kit (Pharmacia) (Sato et al., 1997a) . To clone the Mitf gene, the cDNA library was screened with 32 P-labeled mixed probes derived from human and mouse Mitf cDNA under low-stringency conditions. Plaque lift filters were hybridized in a solution containing 6 £ SSC, 5 £ Denhart's solution, 0.5% SDS and 0.2 mg/ml salmon sperm DNA at 50 8C. The filters were washed to a final stringency of 2 £ SSC, 0.1% SDS, for 30 min at 60 8C. Two positive clones were subcloned into pBluescript II SK (þ ) and sequenced.
Isolation of the HrMitf genomic clones
A genomic library was constructed using EMBL-3 replacement phage vector and Sau3AI-partially digested genomic DNA from adult ascidian gonads (Sato et al., 1997a) . To prepare a DNA fragment for screening, a part of HrMitf was amplified from genomic DNA using primers HrMitf-1F (sense primer in exon 2, 5 0 -GATTGCAGTGTC TTCAGCTGGTGTA) and HrMitf-2R (antisense primer in exon 3: 5 0 -CGTGATATCGCGTAGGATTTTCCAG). The amplified product was cloned into the TA-vector (Invitrogen), sequenced and used as a probe. Plaque lift filters were hybridized in a solution containing 6 £ SSC, 5 £ Denhart's solution, 0.5% SDS and 0.2 mg/ml salmon sperm DNA at 60 8C. The filters were washed to a final stringency of 2 £ SSC, 0.1% SDS for 30 min at 60 8C. Three positive clones, contained exons of HrMitf, were isolated and subcloned into pBluescript II SK (þ ) and further characterized.
Molecular phylogenetic analyses
Multiple alignments of amino acid sequences were generated by the CLUSTAL W program, version 1.74 (Thompson et al., 1994) . Using the aligned sequences, amino acid substitutions and a distance matrix were calculated to construct phylogenetic trees by the neighborjoining method (Saitou and Nei, 1987) . Bootstrapping resampling (Felsenstein, 1985) was performed to create multiple ðn ¼ 1000Þ randomly sampled data sets from the original alignment.
Southern blot analysis
Genomic DNA prepared from adult gonads was digested with restriction enzymes and transferred to nylon membrane. Southern hybridization was performed at lowstringency condition in a solution containing 5 £ SSC, 1% blocking reagent, 0.1% N-lauloylsarcosine and 0.02% SDS at 50 8C using a digoxigenin-labeled DNA fragment. To prepare the fragment, a part of HrMitf (exons 6-10) was amplified from genomic DNA with primers bHLH-ZIPF (sense primer in exon 6, 5 0 -CTACGAAATTGCCAATA-TACGATCA) and bHLH-ZIPR (antisense primer in exon 10, 5 0 -GTATTCATAACATCCGGTTGCTCTT), and cloned into the TA-vector. The membrane was washed twice with 2 £ SSC, 0.1% SDS for 5 min at room temperature and then washed with 0.2 £ SSC, 0.1% SDS for 15 min at 50 8C. After immunochemical reaction with anti-DIG-AP Fab fragments (Boehringer Mannheim), the membrane was incubated with CDP-Star (Boehringer Mannheim) to detect the signals as chemiluminescence.
Northern blot analysis
Total RNA was extracted from embryos at various stages. Total RNAs (12 mg/lane) were electrophoresed through a 1.3% agarose -formaldehyde gel and blotted onto nylon membrane. Northern hybridization was performed in a solution containing 5 £ SSC, 2% blocking reagent, 0.1% N-lauloylsarcosine, 0.02% SDS at 65 8C with a digoxigenin-labeled antisense RNA probe corresponding to nucleotides 902 -1067 of the 2836 bp HrMitf cDNA clone. The membrane was washed twice with 2 £ SSC, 0.1% SDS for 5 min at room temperature, and twice with 0.1 £ SSC, 0.1% SDS for 15 min at 65 8C. After immunochemical reaction with anti-DIG-AP Fab fragments, the membrane was incubated with CDP-Star as described above.
Whole-mount in situ hybridization
In situ hybridization of whole-mount specimens was performed as described by Yasuo and Satoh (1994) ; Miya et al. (1994) with the following modifications. The fixed specimens were partially digested with 5 mg/ml Proteinase K in PBT (0.1% Tween 20 in phosphate-buffered saline) for 20 min at 37 8C. Hybridization was carried out in a solution containing 50% formamide, 6 £ SSC (pH 5), 50 mg/ml heparin, 100 mg/ml E. coli tRNA, 1% SDS and digoxigeninlabeled RNA probes for 16 h at 45 8C. Sense and antisense RNA probes were synthesized from linealized plasmids that contained a cDNA fragment corresponding to nucleotides 1 -1592 of the 2836 bp HrMitf cDNA clone, a full-length HrPax3/7 cDNA (Wada et al., 1996a,b) and a cDNA fragment corresponding to nucleotides 735-1366 of HrTyrp cDNA (pBSHrTyrp, 1778 bp) using digoxigenin-labeled dUTP (Boehringer Mannheim).
Microinjection of synthetic mRNA into fertilized eggs
Microinjection of synthetic mRNA into fertilized eggs was carried out according to Wada et al. (1997) . Synthetic mRNAs were transcribed from linealized plasmids that contained HrPax3/7 cDNA (pRN3HrPax3/7), lacZ (pRN3lacZ) (Wada et al., 1997) and HrMitf cDNA (pRN3HrMitf) with a cap analog (Ambion). After transcription by T3 RNA polymerase, the template DNA was degraded by RNase-free DNase I (Boehringer Mannheim) and synthesized mRNA was treated with phenol/chloroform, precipitated with LiCl and then resuspended in diethyl pyrocarbonate-treated H 2 O at 0.5 mg/ml. The plasmid pRN3HrMitf was constructed as follows. The 2836 bp HrMitf cDNA was excised by digesting at the flanking Not I and Pme I sites, blunted with a Blunting Kit (TaKaRa) and cloned into the Sma I site of the pBluescript II KS (þ ). The insert were then excised by digesting at the flanking Kpn I and Sac I sites and cloned into the Kpn I and Sac I sites of the pUC119. Finally, the insert was excised by digesting at the flanking Bam HI site and cloned into the Bgl II site of the pBluescript RN3 (Lemaire et al., 1995) .
Detection of tyrosinase enzyme activity
Embryos were fixed in periodate -lysine paraformaldehyde (PLP) fixative (2% paraformaldehyde, 0.15 M lysine in sodium phosphate buffer, pH 7.4) (McLean and Nakane, 1974) at 4 8C for 16 h. The fixed specimens were treated twice with 0.1 M sodium phosphate buffer (pH 7.3) for 20 min at room temperature, and with 0.1 M sodium phosphate (pH 6.8) for 20 min at room temperature. To detect tyrosinase enzyme activity, the specimens were preincubated in 0.1 M sodium phosphate buffer (pH 6.8) containing L-3,4-dihydroxyphenylalanine (L-DOPA), a substrate of tyrosinase, for 16 h at 4 8C, and then incubated with the same solution for 5 h at 37 8C.
Cells and transfection assays
Culture of Melan-c mouse albino melanocytes (Bennett et al., 1989) , plasmid preparation and transfections were performed essentially as described else where (Yajima et al., 1999) . Transfected cells were harvested after 48 -72 h and assayed for luciferase and b-galactosidase activities. The b-galactosidase activity of a co-transfected reporter was used as an internal control to correct for the variability in transfection efficiency. The plasmid pRc/CM V-HrMitf was constructed by cloning the 2836 bp HrMitf cDNA into pRc/CMV.
